We studied the excitation spectra in the case of Xe@(p-H2)n embedded in a solid-state parahydrogen, making use of the ab initio molecular orbital method (QMO), in order to seek the possibility of the radiative emission of the neutrino pair (RENP) process that may be associated with the E1 × M1 transition processes. By means of a QMO calculation, the remarkable matrix effect was found in the structure of the electronic states. Three E1-type excitation bands (ε1, ε2, ε3 , in the order of increasing energy) in the UV absorption were found. In the present preliminary calculation, the second was too close to be clearly/well distinguished as an independent peak observed in the last experiment. Nevertheless, across the second (ε2) band, two associated bands that may link to the M1-type transition were found. Therefore, the M1-type de-excitation process may be probable with the help of intensity borrowing from the ε2 band, which may support the probability of the RENP process.
Introduction
In order to evaluate the mass of the neutrinos, Yoshimura and Sasao [1] proposed to investigate the specific deexcitation process called the radiative emission of the neutrino pair (RENP) accompanying single-photon (γ) emission [2] . Namely, the RENP is a de-excitation process from a metastable excited state |e> to the ground state |g> by emitting a neutrino pair (ν i and ν j ) and a photon (γ), that is, |e> → |g> + γ + ν i ν j as is illustrated in Figure 1 . Because of the very low probability of the RENP, preparing a super-radiance system was proposed [3] where cooperative de-excitation can be expected [1] [4] . This process may be developed by the trigger-laser irradiation of two colours, which frequently causes the two-photon process |e> ↔ |g> + γ + γ, or |e> + γ ↔ |g> + γ inside the target [4] .
The RENP process may be probable in the decay process for an electron that left the ground state |g>, by way of a virtual state |p>, and returned to the ground state |g>. This may be the type of E 1 × M 1 transition that can be triggered by the pump-probe technique. The transition probability of the forbidden M 1 -type is proportional to Z α (α > 10 for a high-Z atom as Z > 26 [5] ); therefore, the RENP rate increases, even to a level comparable to that of the allowed transition, if a heavy atom, such as Xe, is adopted. Moreover, if some forbidden states would locate so closely in the vicinity of the allowed states, the forbidden transition might occur because of "intensity borrowing" [6] .
The E 1 -type transition due to the electric dipole transition is usually observed as an absorption spectrum in the region of ultraviolet-visible light (UV-Vis). It can occur when the two states relating to the transition have different parity. On the other hand, the M 1 -type transition relates to the magnetic dipole, thus it is optically forbidden and the two states concerned have the same parity. The difference in the parity causes the difference in the oscillator strength (f), that is, f ≠ 0 and f = 0 for E 1 -and M 1 -type transitions, respectively. Therefore, the RENP process (|e> → |g>) can be realistic, if a higher excited state |p> exists above the lowest excited state |e>, and the parity of |p>'s wave function is different from those of |g> and |e>. For a candidate system to search for the RENP process, a system of Xe@(p-H 2 ) n was prepared by the matrix isolation method by embedding Xe atoms in a quantum solid of parahydrogen at liquid He temperature (LHeT) [4] [7] . At LHeT, the crystal structure of (p-H 2 ) n is hexagonal (hcp) [8] . The reason for choosing a quantum solid is to lengthen the life time of the metastable states of the enclosed atom [9] . In the absorption spectra in the UV-Vis region (200 -700 nm), a free Xe atom shows two peaks at (8.437 eV and 9.570 eV). When embedded in an argon solid, the matrix effect was already known as the blue-shift of those two peaks and the emergence of an additional peak in the middle of those two peaks [10] . In the case of Xe embedded in parahydrogen, similar matrix effects were obtained [7] : namely, in addition to the blue-shift (~0.6 eV) for those two peaks, three peaks appeared at (9.06 eV, 9.7 eV, 10.3 eV).
One model to explain the further splitting of an energy state can be due to the presence of a Wannier-type exciton [11] [12] . The Coulomb interaction works between an electron and a hall of the exciton, which forms a new ladder of electron energy states, as in the case of a quasi-hydrogen system. When applying this model to the present case, the exciton-associated levels will emerge below the bottom of the conduction band, as a ladder series of (E n = E g − 1.7/n 2 , E g = 10.1 eV) [11] . Unfortunately, this model cannot explain the measured data.
In order to identify whether the transition type is E 1 , M 1 , or something else, we have to calculate the orbital energy of the Rydberg states and the multi-pole moments using ab initio molecular orbital calculation (QMO). In a condensed material, the Rydberg states are usually very condensed because of the mixing of the atomic orbitals (AOs) originated in the host atoms. In fact, the level density of molecular orbitals (MOs) can be very high, while ΔE is even smaller than 1 meV. Therefore, we see no more single intrinsic excitations to an AO but a collective excitation to one of the MOs [12] for an atom embedded in a solid.
Method

QMO Calculation
For the calculation of the Xe@(p-H 2 ) n cluster, the QMOs adopted here are the Gaussian 09 [13] and refer to the DV-Xα method [14] [15] . The latter is to see how the composite AOs construct MOs. In the case of the Gaussian, we choose the diffuse-type basis function (BF) for H atoms to study the widely spreading electron density in the Rydberg states. Namely, the BF for H atoms of (p-H 2 ) molecules is a diffuse type of 6-311++g(5d, 7f), which is made of 7 AOs for 1 electron for one H atom. The BF for the Xe atom is DGDZVP (Density functional Gauss double-zeta valence polarized) that is made of 36 AOs for 54 electrons for the Xe atom. For the algorithm to investigate the Rydberg states that determine emission spectra, we adopt the time-dependent density func-tional method (TDDFT) [16] with the B3LYP (Becke type 3 parameter density functional method with the Lee-Yang-Parr correlation function) approximation [17] . Moreover, the configuration interaction (CI) is also considered to introduce many virtual states.
Cluster Model for Xe@(p-H2)n
Before constructing a cluster for calculation, the necessary points to be considered were: the allocation site of the Xe atom, the cluster size enclosing the Xe atom, and the orientation of p-H 2 molecules.
In the case of a B atom doped in a parahydrogen solid, B@(p-H 2 ) n , the metastable location for the B atom was at a lattice site of the hcp crystal [18] , which was confirmed by reproducing the first excited spectrum from 2p to 3s, using a path-integral molecular dynamics simulation. So, we assumed that a heavier atom of the Xe would also stay at a lattice site. Therefore, we took an hcp cluster made of p-H 2 molecules that enclose one Xe atom at their centre, that is, Xe@(p-H 2 ) n . The value of n is (12, 18, 20, 38, 44) , if we take up to the (1 st , 2 nd , 3 rd , 4 th , 5 th ) nearest neighbours, respectively. Here, we take Xe@(p-H 2 ) 12 as will be supposed in Figure 2 , where the central Xe atom receives the ligand field of D 3h [18] . As for the initial orientation of each p-H 2 molecule, their bonding axes are modelled to be directed towards the central Xe atom as Diehl [19] supposed. One reason is to keep the high D 3h symmetry of the hcp crystal.
Results
Matrix Effect on the Electron Distribution in an hcp Cluster of Xe@(p-H2)12
Figure 2 presents the hcp cluster (Xe@(p-H 2 ) 12 ) with D 3h symmetry. The highest occupied (HOMO) state is the 39 th MO and the lowest unoccupied (LUMO) is the 40 th MO. There can be many transition paths for an electron that transfer from a valence state (HOMO-m) to a Rydberg state (LUMO + n). Here we take into account the transition paths of excitation up to the 15 th path from 1 to 15 by increasing the excitation energy. Figure 2 illustrates the side view of the electron distribution (ρ(r)) in the cluster. (Figure 2(a) ). Because of the nuclear spin of each p-H 2 molecule (I = 0), the ground state of an intrinsic parahydrogen is composed of p-H 2 molecules with the rotational quantum number ν = 0 [20] . When an external disturbance is exerted, higher quantum numbers (υ = 2, 4…) might be effective. Such an off-spherical form is consistent with the previous prediction of ~15% spectral shift by introducing Xe [21] .
Moreover, Figure 2(c) shows the net deviation in the charge from its original (Xe 0 or H 0 ) atom in the ground state. The (light green) central sphere presents the deficient electrons in the Xe atom by about one (+ 0.86 e). This implies again that we see no more single intrinsic excitations to an AO. For the electron balance, the excess electrons are shared among the surrounding twelve pairs of (p-H 2 ) 12 , which yields the D 3h ligand field to Xe. Namely, the larger part (about −0.076 e/H atom) was taken by the closer H (red sphere) atoms and the residual (about −0.0031 e /H atom) was taken by the further H (black sphere) atoms. Figure 3 illustrates the primary result for the energy levels obtained by the DV-Xα [14] method for the ground state of Xe@(p-H 2 ) 12 . The energy levels of the MO are shown in the left column (enclosed by the red solid frame) and those of the composite AOs (enclosed by blue dotted frame). Figure 3 shows that if an electron at the HOMO (39 th state) will be excited, it will enter one of the excited states (HOMO (40 th state) + n) that significantly includes the hydrogen's orbital (AOs) in addition to the Xe's AOs. The very close heights of the energy states of the AOs between the Xe and H atoms, as is shown in the area enclosed by the dotted frame, connotes the strong degeneration of the Rydberg MOs. More detailed calculations were undertaken using the Gaussian09. Table 1 and Figure 4 present the calculated absorption spectra for the Xe@(p-H 2 ) 12 . The first transition path (No. 1) corresponded to the HOMO (39 th ) → LUMO (40 th ) excitation, as is often expected in Frontier theory. From the value of the oscillator strength (f), we ascribe a path to be an E 1 -type allowed transition if the value f is significantly larger than null as is hatched. The f value can be qualitatively compared with the measured data of the absorption intensity of -log 10 (I/I 0 ) in the last column. The "CI mix" in the middle column denotes the largest coefficients in the CI expansion, which was over 70% at its maximum. These values are given by the DV-Xα method [14] . 12 . The TDDFT/B3LYP was used for comparison with the measured peaks for free Xe and Xe atoms trapped in a parahydrogen solid (Xe@(p-H 2 ) n ) [7] . The hatched bands denote the E 1 -type transition. Because of the strong degeneracy in the Rydberg states, 15 paths looked to be bunched in several groups. Namely, the excitation peaks of the E 1 -type absorption are denoted by the band of (ε 1 , ε 2 , ε 3 ) corresponding to (Nos. 1 -3, Nos. 7 -8, Nos. 12 -14), respectively. Unfortunately, the two (ε 2 , ε 3 ) bands were too close (ΔE ~ 0.2 eV) to be distinguished as independent peaks as was observed in the experiment [7] . Nevertheless, one finding of the present calculation was the possibility of "intensity borrowing". The forbidden band (Nos. 4 -6 or Nos. 9 -11) may be triggered by intensity borrowing from the allowed (ε 2 ) band, the possibility of which should increase by increasing the atomic number. The larger the atomic number concerned, the higher should be the possibility of intensity borrowing; thus intensity borrowing is probable.
The Matrix Effect on the Energy of the Rydberg States of Xe@(p-H2)12
Identification of E1-Type and M1-Type Transitions Using the Dipole Moments
In Table 1 , it is not clear whether or not the M 1 -type transitions can occur. Therefore, the electronic circular dichroism (ECD) was examined in terms of the components of the electric and the magnetic dipole moments as listed in Table 2 . The item "Dip.S" in the second last column means the absorption difference between the right and left polarized lights in the ECD analysis. If this value were null, it may imply that no E 1 -type transition occurs. Therefore, the rows coloured yellow and green in Table 2 can indicate E 1 -type and M 1 -type transitions, respectively. Due to the components being too small, two paths (No. 9 and No. 15) are postponed conclusively to identify the next calculation with much higher accuracy. Figure 4 illustrates the absorption spectra tabulated in Table 1 . The second (ε 2 ) band is too close (ΔE ~ 0.2 eV) to be distinguished from the third (ε 3 ) band and recognized to be an independent peak like a new peak at 9.7 eV in experiment [7] . When reminded of the processes shown in Figure 1 , the specific path of excitation (|g> → (E 1 ) → |p>) may correspond to the transition to the third (ε 3 ) band of Nos. 12 -14, and then the following de-excitation (|e> →(M 1 ) → |g>) may occur as the reverse transition of Nos. 4 -6 or Nos. 10 -11 in Table 1 and Table 2 , with the help of intensity borrowing from the (ε 2 ) band.
From the levels with such a dense structure (Nos. 4 -11) including the allowed ε 2 band, intensity borrowing can be probable, which may trigger the forbidden M 1 -type transitions. When this happens, the red upward and 4 may explain the model shown in Figure 1 . Although not all the Rydberg states are shown in the column of the "degenerated state" in Table 1 , ground state |g> involved (HOMO, HOMO-1, HOMO-2) and an excited state |p> involved (LUMO+4, LUMO+7, LUMO+8), the photon energy to be absorbed was 10.5 eV. On the other hand, the excited |e> state that involved (LUMO+1, LUMO+2, LUMO+3) might contribute the RENP process.
Conclusions
There was a theoretical proposal to identify the neutrino pair emission (RENP) that accompanies magnetic dipole (M 1 -type) transition in a heavy atom, as illustrated in Figure 1 . This sequence of (excitation |g> → |p>, two-steps de-excitation of |p> → |e> → |g>) is probable when triggered by a photon in the UV-Vis region. A candidate atom to be an emission centre was a Xe atom embedded in a parahydrogen solid that has an hcp crystal structure. Making use of an ab initio molecular orbital calculation for a cluster of Xe@(p-H 2 ) 12 , we calculated the existing paths up to the 15 th . Because of the degeneracy due to the matrix effect, those paths looked to be bunched into several bands. Three E 1 -type transition bands were found, which we called (ε 1 , ε 2 , ε 3 ) in the order of increasing energy. The ε 3 band at 10.5 eV was assigned to be the first E 1 -type excitation corresponding to "|g> → |p>". The middle (ε 2 ) band was too close to be separated from the higher (ε 3 ) band. The interesting result was that this middle (ε 2 ) band was almost attached (in the order of a few tens of meV) with the forbidden bands that can relate to the M 1 -type. Therefore, we suppose that, after the E 1 -type excitation, the M 1 -type de-excitation from |e> → |g> may/can be triggered by the intensity borrowing from the second (ε 2 ) band as the reverse process of the M 1 -type excitation (based on the Frank-Condon rule) as illustrated in Figure 4 .
In the present preliminary calculation, the separation among the three absorption bands was not enough to be compared with an experiment; however, intensity borrowing can probably support the M 1 -ytpe transition that links to the RENP process. Further study is continuing to obtain more acceptable absorption spectra, by increasing the cluster size and increasing the theoretical level of the algorithm.
